spontaneous non-pathogenic mutant Cong:1-2 of a F. oxysporum f. sp. conglutinans pathogenic isolate Cong:1-1. They later found that pretreatment of cabbage root with Cong:1-2 prevented yellows caused by Cong:1-1 (Yoshida et al., 2008) . Several non-pathogenic F. oxysporum isolates (NPFs) have been reported to carry biocontrol activity (Fravel et al., 2003; Ogawa and Komada, 1986; Pantelides et al., 2009) , and Cong:1-2 has been expected to be a good biocontrol agent for cabbage yellows.
Identifying genes and proteins expressed differentially between two strains is an effective method to understand the targeted mechanisms. During profi ling of expressed proteins in F. oxysporum f. sp. conglutinans Cong:1-1 and its variant Cong:1-2, which has biocontrol activity by two-dimensional differential in-gel electrophoresis (2D-DIGE), we found seven protein spots with a difference of more than three-fold between Cong:1-1 and Cong:1-2. These spots were collected by liquid chromatography/linear ion trap mass spectrometry and identifi ed with the Mascot search engine. The spots were identifi ed to be a GMC oxidoreductase, an ATP synthase subunit α (two spots), a pyruvate dehydrogenase E1 component α subunit, a coproporphyrinogen III oxidase (two spots), and a glutathione peroxidase (Table 1) . One of the proteins showed highest similarity to XP_391404 of Gibberella zeae (Schweinitz) Petch (anamorph, Fusarium graminearum Schwabe), a predicted GMC oxidoreductase, and it was expressed highly in Cong:1-2. The estimated molecular weight of the protein based on electrophoresis was ~75 kDa and the pI value was ~5.4 (Fig. 1A , Table 1 ). We designated the protein ODX1.
As we have above described, a GMC oxidoreductase is possibly involved in biocontrol activity. In this study, we analyzed the functions of ODX1 by targeting its encoding gene.
Materials and Methods
Fungal isolates and culture conditions. Cong:1-1, an isolate of the cabbage yellows fungus F. oxysporum f. sp. conglutinans, and Cong:1-2, a spontaneous nonpathogenic variant of Cong:1-1 that emerged during repeated subculturing (Yoshida et al., 1998) , were maintained on potato sucrose agar (PSA, potato broth containing 2% sucrose and 1.5% agar) at 25 C.
For purifi cation of proteins, F. oxysporum was cultured in potato dextrose broth (PDB, BD, Franklin Lakes, NJ, USA) by shaking (120 strokes per min) at 25 C for 10 days to get a mass of mycelia quickly, and the mycelia were harvested by centrifugation (9,050 g, 15 min, 4 C). For preparation of genomic DNA and total RNA from mycelia, F. oxysporum was cultured on PDB without shaking at 25 C for 1 week.
2D-PAGE. One gram of mycelia was homogenized in liquid nitrogen using a mortar and pestle, then suspended in 4 ml of lysis buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 100 mM NaF, 100 mM sodium pyrophosphate, 0.5 μg/ml leupeptin, 1 μg/ml pepstatin, 0.2 mM phenylmethylsulfornyl fl uoride (PMSF), and 10 μM dithiothreitol (DTT) pH 7.0). The protein in the supernatant was recovered by centrifugation (18,800 g, 30 min, 4 C) and purifi ed using a 2-D Clean-up kit (GE Healthcare, Buckinghamshire, UK). Purifi ed proteins (50 μg) were applied on a strip (Imobiline DryStrip pH3-10 NL, GE Healthcare) and were separated by electrophoresis on an IPGphor apparatus (GE Healthcare) for a total of 35,999 kV hours. (Kawabe et al., 2005) . Plasmid DNA was purifi ed from Escherichia coli using QIAGEN Plasmid Midi (QIAGEN, Germantown, MD, USA) or Plasmid Miniprep (Bio-Rad, Hercules, CA, USA). Total RNA was purifi ed from F. oxysporum mycelia using TRIzol Reagent (Molecular Research Center, Cincinnati, OH, USA) following the manufacturer s instructions. For nucleotide sequencing, DNA was labeled with fl uorescence using a BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), and the nucleotide sequence was determined using an ABI 3130/3130x1 Genetic Analyzer (Applied Biosystems). For direct sequencing of the amplifi ed fragment by PCR, the DNA amplicon was treated with EXOSAP-IT (USB, Cleveland, OH, USA) before labeling. DNA sequences were edited using GENETYX-MAC ver. 13 (Genetyx, Tokyo, Japan). DNA and RNA gel blot analyses were performed using a DIG labeling kit (Roche, Basel, Switzerland) follow- PCR. Primers used in this study are listed in Table 2 . Degenerate primers were designed before the genome database of F. oxysporum was released in 2007. Each PCR reaction mixture (20 μl) contained 10 ng template DNA, 1 ThermoPol buffer (New England Biolabs, Ipswich, MA, USA), 4 nmol (each) dNTPs (New England Biolabs), 8 pmol of each primer, and 0.5 U Taq DNA polymerase (New England Biolabs). Thermal cycling conditions consisted of denaturation at 94 C for 1 min; 25 cycles at 94 C for 30 s, 58 C for 30 s, 72 C for 1 min; and fi nal extension at 72 C for 7 min, or were arranged following the optimal conditions for each primer set. The TAIL-PCR reaction mixture (20 μl) contained 10 ng template DNA, 1 ThermoPol buffer, 4 nmol (each) dNTPs, 4 pmol targetgene-specifi c primer, 80 pmol arbitrary degenerate (AD) primer, and 0.8 U Taq DNA polymerase (New England Biolabs). Thermal conditions for TAIL-PCR were described by Liu and Whittier (1995) . Long and accurate (LA)-PCR using LA-Taq (TaKaRa Bio, Shiga, Japan), 5 -and 3 -rapid amplifi cation of cDNA ends (RACE) using a SMART RACE cDNA Amplifi cation kit (BD Biosciences, San Jose, CA, USA), and reverse transcriptional (RT)-PCR using an RNA PCR kit Ver. 3.0 (TaKaRa Bio) were carried out following the manufacturers instructions. PCR fragments were ligated into the pGEM-T Easy vector (Promega, Fitchburg, WI,
USA) and transformed into E. coli DH5α competent cells (TaKaRa Bio).
Multiple alignment and phylogenetic analysis. Multiple alignment, phylogenetic analysis, and construction of a phylogenetic tree were performed using the ClustalX 1.81 (Saiou and Nei, 1987; Thompson et al., 1997) , MEGA 3.1 (Kumar et al., 2004) , and Phylip v. 3.63 (Felsenstein, 1981 (Felsenstein, , 1996 Fitch, 1977) software following previously described methods (Kawabe et al., 2006) .
Transformation of F. oxysporum. Protoplast preparation from F. oxysporum and polyethylene glycol (PEG) transformation were performed as described in Kawabe et al. (2004) and Arie et al. (2000) , respectively. Briefl y, protoplasts were generated from fresh F. oxysporum mycelia by incubation in enzyme osmoticum containing 1% (w/v) lysing enzyme (Sigma, St. Louis, MO, USA), 1% (w/v) Driselase (Kyowa Hakko Kirin, Tokyo, Japan), and 0.0025% (w/v) chitinase (Wako Pure Chemical Industries, Tokyo, Japan). For transformation, 2 10 7 protoplasts were mixed with 20 30 μg of plasmid DNA and transformed in the presence of PEG.
Evaluation of virulence and biocontrol activity. We evaluated the virulence of F. oxysporum on cabbage following the modifi ed procedures described in Kawabe et al. (2004) . Briefl y, roots of 3-week-old cabbage (cv. Shikidori , susceptible to F. oxysporum f. sp. conglutinans; Takii Seeds, Kyoto, Japan) seedlings in soil (ca. 150 ml) were randomly injured by plastic-peg insertion, and then 2 ml of bud cell suspension (1 10 8 cells/ml) of F. oxysporum was poured onto the soil. Inoculated plants were maintained in a greenhouse at 27 C. Disease severity of each plant was scored 30 days after inoculation on a scale of 0 to 4, where 0 = no symptoms, 1 = slight yellowing or swelling of lower leaves, 2 = yellowing of lower leaves, 3 = yellowing and wilt of whole leaves, and 4 = plant dead. Three experiments were carried out using 24 seedlings for each isolate. Biocontrol activity of Cong:1-2 and transformants against cabbage yellows disease caused by f. sp. conglutinans Cong:1-1 was evaluated. Roots of 2-week-old cabbage seedlings were injured as described above, and 2 ml of bud cell suspension (1 10 6 8 cells/ml) of Cong:1-2 or the transformants was poured onto the soil. One week after treatment, the cabbage seedlings were challenged with Cong:1-1 as described above. The disease severity of each plant was evaluated 3 weeks after Cong:1-1-inoculation. Three experiments were carried out using 24 seedlings for each isolate.
Results

Cloning and prediction of ODX1 function
An ~570-bp fragment of ODX1 was amplifi ed by PCR using degenerate primers odx1-2+odx4-1 ( Fig. 2A, Table 2 ), and its sequence was determined. Then, an ~1.2-kb fragment was amplifi ed by PCR using a specifi c primer, tail-2u ( Fig. 2A, Table 2 ), together with a degenerate primer, odx8-2, designed based on the partial amino acid sequence of ODX1 ( Fig. 2A,  Table 2 ), and the sequence was determined. These sequences were combined, and both fl anking regions were amplifi ed by TAIL-PCR using specifi c primers, tail-2l or tail-5u+AD primers (C3 or C4), respectively ( Fig. 2A, Table 2 ). All the sequences were combined, and the obtained 4,817-bp sequence was deposited in the DDBJ/EMBL/GenBank databases under accession no.
AB476611. An open reading frame (ORF) composed of two exons interrupted by an intron was predicted in the region. We describe the nucleotide positions (nt) according to this accession in this report. The 4,817-bp sequence in Cong:1-2 was completely identical to that of Cong:1-1 in F. oxysporum.
The putative ORF, ODX1, was 1,974 bp and composed of two exons (nt. 2,100 2,656 and nt. 2,708 4,124) interrupted by an intron of 51 nucleotides (nt. 2,657 2,707) ( Fig. 2A) . The ORF of ODX1 encodes a protein of 658 aa with a calculated molecular weight of ~71 kDa and pI 5.2, similar to the values estimated by gel electrophoresis. RT-PCR using the primers odx-p1+odx-p2 ( Fig. 2A, Table 2 ), 5 -RACE using primer tail-2l, and 3 -RACE using primer tail-5u showed that the predicted ORF was correct and that ODX1 was transcribed in PDB culture. A single copy of ODX1 was detected in the genome of Cong:1-2 by Southern hybridization using a probe (~500 bp) amplifi ed from the genome DNA of Cong:1-2 with primers odx-p1+odx-p2 (Fig. 2 , Table 2 ) and labeled. A single copy of ODX1 in Cong:1-1 was also confi rmed by Southern hybridization with Cong:1-2 (data not shown).
A blastn search against the genome database of Fusarium spp. at the Broad Institute (http://www. broadinstitute.org/annotation/genome/fusarium_ group/MultiHome.html) showed that ODX1 has high similarity (more than 99% at the nucleotide level) to the putative gene FOXG_13301.2 of F. oxysporum f. sp. lycopersici Snyder and Hans. The fl anking region of ODX1 (AB476611) also has high similarity (more than 97% at the nucleotide level) to the fl anking region of FOXG_13301.2. Blastn searches against the DNA databases at GenBank and InterProScan searches against the InterPro databases at the European Bioinformatics Institute (http://www.ebi.ac.uk/interpro/) showed that ODX1 could be a member of the GMC oxidoreductase family, which includes cellobiose dehydrogenases, alcohol oxidases, choline dehydrogenases, glucose oxidases, and versicolorin B synthases from ascomycetes. This was consistent with the results from the Mascot analysis.
ODX1 has putative motifs bearing similarity to the GMC oxidoreductase signature (PROSITE PS00624, aa 340 354) and to the N-and C-termini of GMC oxidoreductase (Pfam PF00732, aa 66 382; Pfam PF05199, aa 496 634) ( Fig. 2A) . A signal peptide cleavage site between aa 21 and 22 was also suggested by SignalP 3.0 (Bendtsen et al., 2004) (Fig. 2A) . These motifs and patterns are conserved in the GMC oxidoreductase family, further suggesting that ODX1 is a member of the GMC oxidoreductase family.
A total of 297 protein sequences of reported ascomycetous fungi (Aspergillus spp., Botryotinia fuckeliana (de Bary) Whetzel, Chaetomium globosum Kunze, Magnaporthe grisea (Hebert) Barr, Neosartorya fi scheri (Wehmer) Malloch and Cain, Sclerotinia sclerotiorum (Libert) de Bary, Phaeosphaeria nodorum (E. Müll.) Hedjar., and F. oxysporum) GMC oxidoreductase family members in UniProtKB, ODX1-like proteins in the ascomycete genome databases at the Broad Institute (identifi ed by blastn search), and ODX1 were aligned using ClustalX ver. 1.8, and a phylogenetic tree was constructed by the neighbor-joining method (Fig. 3) . Supplemental table which contains the accession number of each protein sequence is attached as an electronic fi le. Known and functionally predicted glucose oxidases, alcohol oxidases, aryl-alcohol oxidases, versicolorin B synthases, long-chain fatty alcohol oxidases, and cellobiose oxidases each formed a cluster in the tree (Fig. 3, A to F, respectively) . F. oxysporum has predicted proteins belonging to multiple clusters in the tree (branches with shaded triangle in Fig. 3 ). ODX1 and FOXG_13301.2 were clustered in the versi- The whole-genome sequence of F. oxysporum f. sp. lycopersici 4287 has been determined, annotated, and published by the Broad Institute. A physical map of the region around FOXG_13301.2 (presumed homologous to ODX1), obtained from the Broad Institute database, is presented in Fig. 4 . The fl anking regions of FOXG_13301.2 included several predicted genes encoding proteins such as a major facilitator superfamily (MFS) transporter and P450 monooxygenase, which are frequently observed in the secondary metabolism gene clusters (Choquer et al., 2007; Doddapaneni et al., 2005) . No other protein found to be differentially expressed between Cong:1-1 and Cong:1-2 in this study (Fig. 1A, Table 1 ) was located in this chromosome region. Fig. 3 . Unrooted phylogenetic tree of ODX1 from Fusarium oxysporum and GMC oxidoreductases from ascomycetes constructed by the neighbor-joining method.
The protein sequences of GMC oxidoreductases were from the UniPro KB and Broad Institute F. oxysporum genome databases. A branch with a shaded triangle indicates the putative protein in F. oxysporum including ODX1 (this study) and FCD1 (Kawabe et al., 2006) . Colored circles indicate the determined or predicted function of each protein in the tree: green, versicolorin B synthase; blue, cellobiose dehydrogenase; brown, long-chain fatty acid alcohol oxidase; orange, alcohol oxidase; red, aryl alcohol oxidase; yellow, glucose oxidase. The branches which do not have any colored circle at the end are functionally uncharacterized proteins or predicted choline dehydrogenases in the databases. A to F each represents a cluster including the predicted enzyme indicated: A, glucose oxidase; B, alcohol oxidase; C, aryl alcohol oxidase; D, versicolorin B synthase; E, long-chain fatty alcohol oxidase; F, cellobiose oxidase.
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Disruption of ODX1 in Cong:1-2 and characterization of the disruptants
To construct an ODX1-disruption vector (designated pΔodx1), a 4,696-bp region including ODX1 was fi rst amplifi ed by LA-PCR using primers odx-c1+odx-c2 ( Fig. 2A, Table 2 ) and cloned into the pGEM T-Easy vector. The vector was then digested with Hind III and BssH II to release a portion of the ODX1 coding sequence (Fig. 2B) . The remaining ~6.0-kb fragment, carrying both fl anking regions of ODX1, was then ligated with an hph cassette released from pCSN43 (Staben et al., 1989) by Hind III and BssH II digestion (Fig. 2B) .
Cong:1-2 was transformed with pΔodx1 linearized by Nco I digestion, and ODX1-disruptants among the hygromycin B-resistant transformants were selected by PCR. The primer set HPH-F+HPH-R was used to This sequence appears to be identical to ODX1 in Fusarium oxysporum Cong:1-2, approximately 80 kb of sequence around ODX1 (in supercontig 19, nt. 590,000 to 670,000) of chromosome 12 is shown in this fi gure. Fig. 5 . Expression of ODX1 in ODX1-disruptants. Total RNA was prepared from mycelia harvested from 10-dayold cultures on PDB. Cong:1-2, non-pathogenic variant of Fusarium oxysporum f. sp. conglutinans Cong:1-1; D1 and D2, ODX1-disruptants of Cong:1-2; E1, ectopic insertional transformant of Cong:1-2. (A) Detection of transcripts of ODX1 by RT-PCR using primers odx-p1+odx-p2 ( Fig. 1; Table 2 ). (B) Detection of transcripts of ODX1 by northern hybridization. Upper, total RNA, which includes ribosomal RNA (rRNA) and mRNA; Lower, mRNA detected using a labeled ODX1 probe prepared from genomic DNA of Cong:1-2 using primers odx-p1+odx-p2 (Fig. 2) .
test for the presence of the hph gene, and the primer set odx-p1+odx-p2 was used to test for an intact copy of ODX1 (Table 2) . Any hph-positive, ODX1-positive transformants were classifi ed as ectopic (i.e., transformation into a genome region other than ODX1); any hph-positive, ODX1-negative transformants were classifi ed as putative ODX1-disruptants and tested further.
With primers HPH-F+HPH-R, an ~1-kb fragment was amplifi ed from ODX1-disruptants and from an ectopic transformant, designated E1. With primers odxp1+odx-p2, an ~500 bp fragment was amplifi ed from Cong:1-2 (wild type) and an ectopic transformant (E1), but not from two putative ODX1-disruptants, designated D1 and D2. RT-PCR using odx-p1+odx-p2 ( Fig. 2A , Table 2 ) and northern hybridization with a DIG-labeled ODX1 probe (amplifi ed from the genomic DNA of Cong:1-2 using odx-p1+odx-p2), proved that the transcript of ODX1 was absent in D1 and D2 (Fig. 5) . Moreover, proteins assumed to be ODX1 were not visible in D1 or D2 in 2D-PAGE (indicated with circle in Fig. 1B) . D1, D2, and E1 grew on PDA at 27 C with no differences from Cong:1-2, although they had slower growth and thicker colonies than Cong:1-1 (data not shown).
Biocontrol activity and virulence of ODX1-disruptants
Pretreatment of cabbage roots with a bud cell suspension of D1 or D2 2 weeks prior to challenge inoculation with Cong:1-1 signifi cantly reduced the severity of yellows caused by Cong:1-1 (Fig. 6A ). In addition, neither the ODX1-disruptants (D1 and D2) nor the ectopic transformant (E1) of Cong:1-2 showed virulence on cabbage like Cong:1-2 (Fig. 6B) . Unexpectedly, the biocontrol activity of the ectopically transformed isolate (E1) was signifi cantly reduced compared with Cong:1-2 (Fig. 6A) .
Discussion
ODX1 was produced at a higher level (9.22 fold) in Cong:1-2 than Cong:1-1, and appeared to be a member of the GMC oxidoreductase family. The GMC oxidoreductase family is composed of a wide variety of enzymes that are present in both prokaryotic and eukaryotic organisms. As described in the introduction, GMC oxidoreductase is sometimes related to biocontrol activity. Thus we assumed that ODX1 is involved in the biocontrol activity in Cong:1-2. In order to verify the hypothesis, we generated ODX1-disruptants of Cong:1-2 by gene targeting, and analyzed the biocontrol activity in the disruptants.
In 2D-PAGE, several closely grouped protein spots disappeared simultaneously in ODX1-disruptants like Cong:1-1 (Fig. 1) . As F. oxysporum has a single copy of ODX1 in its genome based on Southern hybridization and genome database information, ODX1 has several isoforms produced by post-translational modifi cation.
Contrary to our hypothesis, ODX1-disruption did not infl uence the biocontrol activity of Cong:1-2 by bioas- Fig. 6 . Biocontrol activity and pathogenicity in the ODX1-disruptants.
Cong:1-1, Fusarium oxysporum f. sp. conglutinans; Cong:1-2, non-pathogenic variant of Cong:1-1; D1 and D2, ODX1-disruptants of Cong:1-2; E1, ectopic insertional transformant of Cong:1-2; water, negative control. (A) Biocontrol activity against cabbage yellows. Two-week-old cabbage seedlings (cv. Shikidori ) were treated with bud cell suspension (1 10 8 cells/ml) of the test isolates 2 weeks prior to the challenge inoculation with Cong:1-1. Water was used instead of bud cell suspension in the control. Disease severity of each plant was evaluated 30 days after inoculation with each isolate (0 = no symptoms, 1 = slight yellowing or swelling of lower leaves, 2 = yellowing of lower leaves, 3 = yellowing and wilt of whole leaves, 4 = plant dead). (B) Pathogenicity of ODX1-disruptants on cabbage. Disease severity of each plant was evaluated 3 weeks after Cong:1-1-inoculation following the scale described in (A). Error bars represent standard errors (n = 24), and different letters indicate significant differences by Scheffé s test (p = 0.05).
(A) (B) say (Fig. 6A) . Unexpectedly, the biocontrol activity of an ectopically transformed isolate (E1) was signifi cantly reduced compared with Cong:1-2 (Fig. 6B) . This suggested that the vector might have been inserted into the biocontrol activity-related gene(s) in E1. Further study of the vector insertion site in the E1 genome may help to understand the mode of action of nonpathogenic F. oxysporum in biocontrol.
Many fungal species produce low-molecular-weight secondary metabolites. Secondary metabolites often have obscure and unknown functions in fungi. Because proteins with identical functions in the GMC oxidoreductase family are grouped into the same phylogenetic cluster (Zámocky et al., 2004) , the deduced amino acid sequence of ODX1 was included in phylogenetic tree together with determined and predicted fungal GMC oxidoreductase proteins found in several fungal species. ODX1 was a member of the versicolorin B synthase subfamily (Custer D in Fig. 3 ) in GMC oxidoreductases. In Aspergillus parasiticus Speare, versicolorin B synthase is involved in the afl atoxin synthesis pathway (Silva et al., 1996; Yu et al., 2004) . A number of studies have shown that secondary metabolite biosynthesis genes are often clustered in fungal genomes (Yu and Keller, 2005) . If ODX1 is involved in the synthesis of secondary metabolites in F. oxysporum, ODX1 might be a part of a gene cluster. As shown in Fig. 4 , several putative proteins such as cytochrome P450 (FOXG_13324.2) and MFS transporter (FOXG_13299.2, 13315.2), both of which are frequently found in secondary metabolism pathways (Choquer et al., 2007; Doddapaneni et al., 2005) like the afl atoxin biosynthesis pathway in fungi (Yu et al., 2004) , were encoded in the fl anking regions of ODX1. However, genes such as afl C, which encodes key enzymes (e.g., polyketide synthase, a part of the afl atoxin synthesis pathway in A. parasiticus), were not found in the fl anking regions of ODX1. As no one has reported the production of afl atoxin in Fusarium spp., we assume that ODX1 plays a different role in Fusarium spp. than in A. parasiticus. Versicolorin B synthase is a pathogenicityrelated factor in Ustilago maydis (DC.) Corda (Vollmeister et al., 2009 ). ODX1 in F. oxysporum has high similarity (55% similarity at the protein level) to versicolorin B synthase in U. maydis. However, ODX1-disruption in Cong:1-2 did not infl uence the virulence; in other words, ODX1-disruptants did not gain virulence toword cabbage.
In the 2D-DIGE analysis, we detected spots representing several proteins other than ODX1 with different abundance between Cong:1-2 and Cong:1-1. These proteins may be involved in the differences in biocontrol activity and/or pathogenicity between Cong:1-1 and Cong:1-2. Further studies are needed to reveal the function of these proteins.
